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ABSTRACT

The analytical study of air lubricated bearings which is covered
in this report had as its major objective the feasibility of adaptation
of this type bearing to aircraft turbojet engine applications.

Design formulae and methods for a simple step bearing were derived.
Bearing loads encountered in maneuvers listed in MIL-E-5007A were analyzed.
These analyses and formulae indicate that air lubricated bearings may be
adaptable to aircraft turbojet engines. However, large bearings, small
clearances, and large volumes of air will be involved.

Further analyses, together with experimentation, are recommended
to verify these conclusions.



THE FRANKLIN INSTITUTE . Laboratories for Research and Development

F-A1914

TABLE OF CONTENTS

ABSTRACT i

I. INTRODUCTION 1

II. BEARING SPECIFICATIONS 1
IITI. ANALYTICAL APPROACH _ 5

IV. DERIVATION OF NEEDED EQUATIONS 6

A. Viscous Flow Through a Capillary 6

5

B. Viscous Flow Through a Simple Step Bearing 1l
V. IOADS ON A TYPICAL TURBOJET ENGINE L8
VI, SUMMARY 62

APPENDIX 65

ii



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
1512 H STREET NORTHWEST
WasHINGTON 25, D. C.

TELEPHONE: LIBERTY 5-6700

JAMES H. DOOLITTLE, SC. D., CHAIRMAN

LEONARD CARMICHAEL, PH. D., VICE CHAIRMAN

LANGLEY AERONAUTICAL LABORATORY

ALLEN V. ASTIN, PH. D, REAR ADM. CARL J. PFINGSTAG, U. . N.
PRESTON R. BASSETT, M. A, LT. GEN. DONALD L. PUTT, U.S. A.F. Augu st :u-l- 3 195 7 LANGLEY FIELD, VA.
DETLEV W. BRONK, PH, D. JAMES T. PYLE, A.B.
FREDERICK €. CRAWFORD, St. D. FRANCIS W. REICHELDERFER, SC. D. AMES AERONAUTICAL LABORATORY
VICE ADM. WILLIAM V. DAVIS, JR.,U.S.N. EDWARD V. RICKENBACKER. Sc. D. MOFFETT FIELD, CAUIF,
JEROME C. HUNSAKER, SC. D, LOUIS S. ROTHSCHILD. PH. B.
CHARLES J. MCCARTHY, §. B. GEN. NATHAN F. TWINING, U. 5. A.F. LEWIS FLIGHT PROPULSION LABORATORY
B . 21000 BROOKPARK ROAD, CLEVELAND 11, OHIO
- ad ; g
S LT B #!‘ LA !
A A K ; .
S AN A (‘1‘/
NI e ;&‘){f‘ A )
T d, J 7N e
« Zeorgce P. lownsen Te , . R S

Chj af Engineer

Sundstrand Aviation - Denver
21180 Mest 70th Avenue
Denver 11, Colorado

Dear Mr. Townsend: /,\ = /\

There is forwarded herewith, for your information an,d oo 8 \\
loan, a copy of the following report which has been su‘rx!irbheﬁ" N
by the Franklin Institutes R O B T

3

"A Special Analytical Study of Air-ILubricated
Bearings for Jet Aircraft Engines," by
George M. Robinson.

It would be appreciated if you would review this report
and provide us with any comments you care to make for or
against publication as a NACA Technical Note. In reply please
refer to contract NAw-6L73.

Very truly yours,

ot 714

Harold F. Hipsher
Secretary, NACA Subcommittee
on Lubrication and Wear

Encloswre
Copy No. 19 of the report




THE FRANKLIN INSTITUTE « Laboratories for Research and Development

F-A1914
I. INTRODUCTION

On March 15, 1956, the staff of the Friction and Iubrication
Section of The Franklin Institute began an analytical study to determine.
the feasiblility of using gas-lubricated bearings on jet aircraft engines.
Bacause of the fact that engine bearings are contemplated for use at
higher loads, speeds, and ambient temperature and because the present
bearing system has well defined limitations, it was thought that such a
study should be undertaken.

Gas lubricated bearings have several inherent strong points
and several handicaps. These bearings are clean, carry higher loads at
higher temperatures, and do away with the necessity for seals. They are,
however, relatively sensitive to overloads, have tendencies toward in-
stability, and suffer all the problems attendant to high pressure flow.

The literature survey which was made at the beginning of this
program confirmed our understanding that there was in existence no
general theory for heavily loaded gas bearings. Before we could deter-
mine if the use of gas bearings was feasible, we had to first derive a
theory which could be used in their analysis,

IT. BEARING SPECIFICATIONS

When The Franklin Institute began work on this project, one of
the first tasks was to determine a suitable set of bearing specifications
for a jet engine. Consequently, visits to jet aircraft engine depart-
ments of United Aircraft Corporation, General Electric Company, and the
Allison Division of General Motors Corporation were made and typical
specifications were received from each. The following is a summary of

the information obtained.

General Electric Cdmpany concentrates on single spool engines
with three bearings, Allison Division of General Motors Corporation makes
£ n
only a doubld spool engine with six bearings. Pratt & Whitney Aircraft
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Company makes both a single spool engine with three bearings and a
double spool engine with seven bearings but recommended that we concen-

trate on the single spool engine.

The bearing specifications submitted by Pratt & Whitney Air-
craft Company were not explicit but were each reported as a constant
multiplied by the shaft diameter squared. In order to compare Pratt &
Whitney specifications with those of General Electric Company,  four

inches was chosen as a representative value for shaft diameter.
When this was done, the following specifications resulted:

Single Spool Engines:
No. 1 Bearing -

G.E. - 100 1b steady + 400 1b oscillatory
7150 1b maneuver load for about 1 minute
P& - 800 1b steady + 7000 1b maneuver load

No. 2 Bearing - (radial load)

G.E. - 600 1b steady + 2400 1b oscillatory
6000 1b maneuver load for about 1 minute
P& - 960 1b steady * 2320 1b maneuver load

No. 2 Bearing - (thrust load)

G.E. - 10,000 1b steady in the forward direction
L,000 1b steady in the aft direction
P&W - + 6400 1b steady

No. 3 Bearing -
G.E. - 500 1b + 2000 1b oscillatory
6000 1b maneuver load for one minute
P&¥ - 1150 1b # 5360 1b maneuver load
Double Spool Engine (Allison):

Bearings No. 1 and No. 3 take thrust of 10,000 1b in either
direction. Bearings No. 2, 4, 5, 6 have a steady radial load which
ranges from 100 1b to 800 1b (mostly between 300 and 40O 1b), transient
loads of 10g, a 4g load for several minutes, and a gyro load of 4.0
rad/sec for 30 seconds varies up to 5 times the steady load. For sus-
tained periods, a 4g + 1/2 rad/sec gyro load is about the worst condi-

tion that is encountered.
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As a supplement to these specifications, we secured a copy of
the military specificatiéhs (MIL-E-50074) which cover turbojet aircraft
engines. A preliminary reading of these military specifications indi-
cated that, in order for the engine to withstand maneuvers specified in
MIL-E-5007A, bearing loads would be much higher than given to us by the
engine manufacturers. Consequently, additional data were obtained so
that we could compute the bearing loads caused by the specified maneu-
vers.,

In some cases, the computed loads proved to be as much as
four times those given us by the engine manufacturers. For example,
on an engine of the size considered on the preceding pages, maneuver
loads as high as 19,000 1b were computed for the No. 3 bearing. When
questioned about this point, the engine manufacturers told us that the
bearing loads which they had originally given us were for the steady,
plus oscillatory loads, plus those maneuver loads which were imposed
for a reiatively long period of time. The present rolling element
bearings are selected on the basis of these loads. If the bearing
which is selected has a static load carrying capacity greater than the
more transient bearing loads, the bearing is assumed to be satisfactory.

While it is known that rolling element bearings can sustain

| overloads without failure for short periods of time, the effects of the
magnitude, frequency, and duration of these overloads on the life of
these bearings is not known. A program to determine these effects
might prove to be quite useful,

Plane bearings can, in general, absorb a transient overload
by virtue of their squeeze-film action. The ability of a lubricant to
absorb suddenly applied loads is, however, directly proportional to its
viscosity. Since the viscosity of alr is extremely low, its ability to
absorb transient loads by squeeze-film lubrication is almost nil.
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Because of this fact, we next set about to determine how
realistic the specifications in MIIL-E-5007A were. For example, section
3.15 states: MAt maximum rated engine speed, the engine shall withstand
a gyroscopic moment imposed by a steady angular velocity of 4.0 radians
per second in yaw, combined with a vertical load factor of + 1, for a
period of 30 seconds."™ It seemed to us that this requirement was some-
what excessive. It is difficult to conceive of some of our modern air-
craft yawing at a rate of 64% of a complete revolution a second and
keeping it up for 30 seconds. I checked with several agencies at the -
Airforce, Navy Department, etc., and could not find anyone who could
tell me how realistic this specification was. Several pilots, with
whom I spoke, told me that such a sustained value of angular velocity
is much too high. They agreed that the maximum average yaw velocity
ever to be encountered would be about one revolution in five seconds
(1.25 rad/sec). They also stated that a plane spins like a falling
leaf* and that, during such a maneuver, instantaneous yaw velocities may
reach 4.0 rad/sec and indeed exceed it. At any rate, the maximum value

of yaw velocity is not known.

Siﬁce the bearing loads are directly proportional to the moment
of the gyroscopic couple during a yaw maneuver, they are also proportion-
al to the angular velocity of precession in yaw of the aircraft. Since
the maximum value of this precessional velocity is not known, the maximum
bearing loads are also unknown. As was pointed out in a previous section,
air bearings as a rule are quite sensitive to overloading. It is, there-
fore, impossible to design air bearings for this application with a known
degree of safety. If air bearings are to be used, they must be overde-

signed somewhat so that some degree of safety factor may be realized.

Another problem which presents itself is the fact that the
bearing must take heavy loads in all directions. It becomes obvious,
then, that we shall need several hydrostatic air bearings around the

periphery of the journal. Because each bearing is loaded by other of
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the bearings in this system, it must be capable of absorbing this addi-
tional loading as well as its share of the normal bearing loads. If
all of these individual bearings are approximately equal in load carry-
ing capacity under like conditions, the entire bearing (which is com-
posed of all the individual bearings) must then depend on eccentricity
of the shaft within the bearing for its load carrying capacity. This,
in turn, means that the bearing is completely dependent upon a compe-
tently designed throttling system. The design of such a throttling

system becomes a major problem in the analysis.

ITII. ANALYTICAL APPROACH

The first phase of this part of the program was devoted to a
literature survey to determine the state of the art for the design of
air bearings. The results of this survey confirmed our experience that
the state of the art is still in its childhood, if indeed not its infancy.

It was found that while there were several rather simplified
analytical methods for designing hydrostatic air bearings, there was in-
sufficient experimental proof to back up any one method. " Some of the
theories ignored momentum effects entirely, some considered viscous
friction, some considered skin friction only. In only a few was there
mention of the possibllity of sonic or supersonic flow in a bearing, or
choking in the capillaries or orifices leading to the bearings.

It was necessary, then, to combine what we thought were the
best characteristics of each method, determine which of the simplified
methods applied and, then, use that simplified method to determine the
feasibility of the bearings for jet engine application.
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IV. DERIVATION OF NEEDED EQUATIONS

A. Viscous Flow Through a Capillary
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Assumptions:

The flow is subsonic and laminar
momentum effects are neglected.
Air behaves as a perfect gas.

Let

= mass flow rate (lb-sec/in.)

= pressure (psi)

= shear stress (psi)

= radius of element of fluid (in.)

= outer radius of capillary

= velocity of air at radius r

= absolute viscosity of fluid (lb-sec/in%)
= length of capillary (in.)

= gas constant

temperature of air in degrees Rankine
= mass density of air (slugs/ftB)

= film thickness of step bearing (in.)
= inner radius of step bearing (in.)

= outer radius of step bearing (in.)

= P/P0 where P is pressure at R

= r/R°

X%mwowb‘o'ﬂwl\t<ﬂ’*ﬁﬂ"uﬂ
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x2y(l/m+l)

= exponent in expansion process p/bm = constant

= exponent in isentropic expansion procésé p/pk = constant
local sonic velocity = (ap/ap)s =k p/p

= velocity of air entering orifice

<< < QO X 82 =
L]

= velocity of air leaving orifice
local Mach number = V/C

:gO
L]

Let us consider the forces on the elemental volume nrzdx in
the x direction:

The only force to the right is P(n_rz)

The forces to the left are (P+ dP/0x dx) nrz + 7(2nrdx)

If we sum up all the forces in the x direction and set the re-

sulting expression equal to zero we find:

- %g dxo'nrz— 27nrdx = 0O
aP
Tax - 2"

We will now make a further assumption that P varies only with x so that
3P/8x = dP/dx . Therefore,

4P dv
Tax - RT e g

1 dP
dv = 20 dx ?dr = dv

dP r +C

Bl
g
|

When r = a,ﬁxéz 0
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1 dP (- &2

M 2

v occurs when r equals gzero
maximum q )

a2 dP

Viax = T LE=dx

Vavg for a paraboloid is 1/2 Vmax. Therefore,

The mass flow rate G = pAVan. Therefore,

2, a2 aP _ pmat

8 dx = ~ 8udx

pra’

8uG

G = -pna 4P

dx = - dP

but
P= w7
4

e . DA __
therefore dx 8uGRT

dp

For the condition where T is a constant

Pra®

- ToucrT * ©

but when x = 0, P = Po' Therefore,
nal*Pz
0

C = 1%urTG

Therefore x 16p,RTG [PZ P ) (1)
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Whenx =4, P = Pa.' Therefore,

léuRTIL [Pz 7 ] (2)

Let us now consider the effect of momentum changes on Equation (1).

From the previous analysis we found that the sum of the ex~

ternal forces in the x direction was

- -gf- dxnrz— 27Tnrdx
>4

The summation of the external forces on the elementary con-
trol volume ic equal to the time rate of change of momentum in the x
direction of the fluid within the control volume. We should remember
that both 3P/3x and dV/dr are both negative. This may be important

later in determining proper signs in the final equation.

v C T T YT
D

FIGURE 2

je— p —

At section one in Figure 2, the total x momentum entering is

a
I 2nr- pVZdr
fo)

If we assume that 3L/3r = 0, then this expression becomes

a a
2 2
2nP | Vzrdr = vazms fo rdr = npV_  a

e (o}
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at Section 2, the total x momentum leaving is
2 0 2
pvzmsua * (pvzmsna )dx

The time rate of change of x momentum for the control volume
of Figure 2 is

a5 (Vo)

The time rate of change of x momentum for the elementary con-
trol volume of Figure 1 is

Ié-l(ibv2 na?
220X

but pvzmsna - = 3
Pna kprna
Voms
where k =
avge
but p = P/RT. Therefore,
¢ _ _Gemr
kpﬂa2 kP'rta.2
2 .
therefore, % (pV naz)dx r2 3’;{- (G RI )d.x
a a kPua
2 2
therefore, - %xli dx * wro- 2emrdx = 2-2- aax ( g RTz)dx
a k Pn

_Z_P_-?_f, 1 j_(GRT)
X r
"‘aax kP‘rta.2
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2
exr % 1 8 (GRL,
r 3x 2 X P1ta.2g
_ v 9 _dP
but T= -l ir’ % - ax
Therefore e dE + 4 (GZRT‘ )
, = -
r dr dx 11:8.2 dx kPﬂa.2
wok|®, L @R
24 | dx a2 dx kPnaz
1lee, 1 4 &Rr |2, .
2u | dx naz dx kPnaz 2

when r = a, v = O, Therefore,

1fep, 1 (g G2RT )-J - a2)
2"" 1ta2 dx kP-rta2 2

Avg..v =v = 1/2 Vmax = Vms/211.2 Therefore,

_ 82 e, 1 4 (L.2.0°Rn)
v "8 . 2

Pra

2 2
- 2 dp 1l d (1.2 GRT
but | G = pAv = -pna” » 8u [i + 2 i ( o2 ﬂ

6. omat |, 1 4 1.2GRT)
T o8u | dx 2dx PmZ

but p = P/RT. Therefore,

L
¢-EmildP, 1 4 1.2 GPRT
BuRT | ax 2 ax =)
Pra

- 1] -
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b 1p 2
6-.Z |Pp, 1.2 PORT d (1,
8uRT dx 2 L dx P
na
o .. m |Pdp _ 1.2 G°RTP d_P]
8uRT | dx “ZahPZ dx
o - . m@°Pdp , 1.2 G%ap
8uRTdx  8unPdx
4y - _ T@'Pdp , 1.2 G dP
8uGRT 8un P
for the condition wherein T is a constant, PRI
i P
e 1.2 AP .G
léuGRT Sun
When x = 0, P = P _. Therefore,
o P
x léuGRT [Pz Pz] . ™ ¢ in P (3)
x=L,P= P,.
L P
__m 2y 126G, o
L = TZem (- F2) e L0 P (1)
Let us consider a typical problem.
let P = 100 psia
| ° . . 2
R = 53,3 x12 Bedl agedn. 5,4 105 0t
1b°R T2 2
sec sec” °R
=  530°R
- -9 lb-sec
2.5 x 10 ~n
- -6 1lb-sec
G 5018 p.4 10 in.

- 12 -
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a = 30 x 107 in.
a¥ = 8.1 x 1077 in®
nal& ) 3.14 x 8.1 x 10_7 = 0.0934
16RTuG 16 x 2.48 x 105 x 530 x 2.5 x ZLO_9 x 5.18 x lOm6
6

un

8 x 2.5 x 1077 x 3.14

Therefore, x = 0.,0934 (Pi- P2) - 99,1 In PO/P

x = 0.0934 Pi (1 - P2/P§) - 99.1 ¥n PO/P

Figure 3 is a plot of P/Po vs. x for this equation. For com-
parison, the same values of parameters were used in Equation (1), and
the results plotted. We can now readily see the relative importance of
the momentum and viscous effects. In this case, the momentum effects
are not important for a considerable distance along the capillary. A
subsequent check of the Mach number at the entrance disclosed that this
Mach number was low (M=~ 0.15).

In order to illustrate the relative effects of viscous and
momentum effects, Figure /4 was plotted. In this case, all specifications
of the preceding problem were unchanged but the flow. It was doubled.
We see now that momentum effects are important throughout the entire
length of the capillary. It becomes apparent that before one decides to
use the simplified equation, one should check the initial and final Mach

numbers to determine if any appreciable error will be involved.
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B. Viscous Flow Through A Simple Step Bearing

We are going to restrict ourselves to an analysis of a simple
step bearing for several reasons., First, it will adequately substantiate
or disprove the feasibility of gas bearings for the particular application.
Secondly, it lends itself to a relatively simple analysis. A typical
step bearing is illustrated in Figure 5.

FIGURE 5

An an externally pressurized step bearing, air under pressure’
is introduced though a capillary and/or orifice between the bearing
surfaces. It is this externally pressurized supply of air which actually

forces the bearing surfaces apart and makes the bearing work.

- 15 -
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T i[]b T

FIGURE 6

1, Viscous Flow Through a Radial Step Bearing, Momentum Effects
. Neglected.,

Consider the Forces on the elemental volume of air shown in

Figure 6.
3P . , dv
SFr=0= o dr(rd6) + 2¢rdfdr =0, ¢ = My

-16 -
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when

Therefore
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3 (P‘z - P?)
¢ = TR /R, (5)

2. Viscous Flow Through a Radial Step Bearing,
Momentum Effects Included

The sum of the external forces on the control volume in question
in the radial direction is equal to the net time rate of efflux of
momentum from the control volume in the r direction.

The sum of the external forces on the control volume in
question in the r direction is found from the previous analysis to be

-2y%§ dr (rd0) - 27rdfdr

The time rate of change of r momentum within the elementary
control volume is

2y 8 rd V2
h ar P 0 rms h dr
Therefore

-2y%; dr (rd@) -2rwrdedr = 2yde-' V2 :]

(o33 )

If we assume a parabolic distribution of velocity in the ¥
direction, V> = 1.2 V2
rms

avg
2 s
=pA avg T2
2
1.2G
then V2m =55

- 18 -
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Therefore, 2
_3® _z_1 |38 1.2G
ar ¥y r |[Or 02(2 h)2
9P _ dP
r dr
_ & z_1.26° 4 [1:,
dr vy lmz h2 dr |pr
2
2._bdv _ 4P 1.,2G d [L]
y y dy dr lmzth dr (pr
awoed|dR, 26 4 D 1
ular ¥ P2 oF A
1 (4P
Ve=llar * ar ﬁ]
when
h
y = -2—’ V=0
Therefore, 2 2
C = = .l .@ + 1.2G ..a_. (..1_) h_
B |dr hm2h2 dr \pr 8
Therefore,

-19 -
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__.n®hp . 1.20® 4 /D
avg 124 dr b,rrzrh2 dr lpr J
2 2
h° Jap . 1,26 4 A\l
G = PAVyyg, = = PA2mrheysn {dr ren? Or (px)}
3 2
] o _ mph [dP 1.26° 4 /1
T dr =, 2.2 adr |pr
C 4n'rh
o g 126" 1.20% @
W dr I.m h pr3 lmzth r dr
2 2
G0, 126", Lo _dp
2 2 2 2 dr " dr

ﬂth lmh pr3 L

1/m 1/m
P_(2\" = P> 53
but 5 = - (x> P =p
Po Qo) TR Go ’ oGo)
%o G’.}l/ n)'l.l dp
P P m
(o] (o]

b | _1,3G_‘°'_ L L2 (jwhl 4 _ g

prrh> L prB ln'rzhr'z 22 F, dr

Therefore

- 20 -
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G = 211R°V°p°h where Vo is the average Velocity at R°
pP=p = o
o Po
Therefore
22222 2 A/m-1
6u.2rd2°hpovo . 1.2 Ropohzvo . 1.2R§V‘;2> po : 92 (P N dP
P 1/m 3 52 P 1/m 3 5 p 2/m 5 PP, dr
P rah Lowh™p o r P T rm
oP oP o P
° o o
1R T, 120, RAVS L 28272 % @
1/m 3(P 17m _G./m}'-l P dr ~dr
P he rolp m 5
Po r o o

1/m

2 2
12V 1.2 poniv 1.2R%72p () 4P

h2 r2 r P m@ dr

[-12@ v, 1.2p V2 ]
-T2

dP i = ) A
r
[rmopovo P 1/m
<F> P
r P mfs— o]
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b _ 1
dr »r r‘ , 1/m
12 Po'o ﬁ P
P 2 \P_
[—PomQ,> Ro o
—
2PV 2 1.2V
2 2 -
@ _P h“P R P,
dr r (1/mp1

PuyPo r-Rodx
dP = P dy
.@,Eegz
dr R dx
o]
22;-1’2"ovf>
WX -~
P
]

- 22 -
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Now, the local sonic velocity of the air is given by the expression

2 @P
c
dp/s
For an isentropic process
P
ok = const

Rn P - k,an = fn (const)

dp d
p-kp =0
dp /g p
P
2 (¢}
C" =k —
o Po
—~
Therefore Wox2 - 1.2 _V_i
s
&r ¥
dx x 12—M2 2Ym+l
Vo
but 7c—'-M
o
Wx —12kM‘2
v ¥
dx x 12__ 2y(1/n)+1
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Let
2o/ + 1
W W
/B G
2 2 2
v = @W - Wl [T
2
(-f/- ~1
ik T WW ww v eve

L 2o 2 2 2
dy , 20 GV_ m+l WL W m+1 Sl m+1 1 wx -1, 2kM2
dx "~ Tt |(x ax " lx x N REE ZyQ./m)'l

22
dx 2n ° 12—M2 oy UL

m+l Wx -12k1"[2
kM2_ 2yg.7§;»
- /wzz-lzkvrz'

1+E“_K12-—M2 w2




THE FRANKLIN INSTITUTE .« Laboratories for Research and Development

F-A1914

1.2 ﬁ Mf,- woe L 2.2 1.2 (M+1)

2&"2
i o

0

= 1=
o

El%"ﬂ

wz-i.zgr@

k 2
Lo

HIi=

For the Isentropic Case, m = k

K1 2 2
i w2-2k WoxZ + 1.2 (k—l)M‘z
X

k 6
w2-1.2M§ ©

&l

For the Isothermal Case m = 1

= WX
L_lz ] (7)

?c‘ls
1=

Ecoulement Radial d'un Fluide Visqueux Entre deux Bisques Tres Rapproches
Theorie du Palier a Air, E.A. Deuker et H. Wojetch, Revue Generale

de 1'Hydraulique, Vol. 17, 1951, pp 228-234, 285-294. This analysis
parallels very closely that done in the reference cited.
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There are three types of flow patterns which might exist in
the bearing.

(a) The flow may be subsonic throughout the bearing.
(b) The flow may be sonic at R, but subsonic at R
(¢) The flow may be supersonic throughout the bearing.

In any event the flow is probably isentropic from the point
where the gas leaves the capillary to the inner radius of the step
bearing and probably beyond, The flow is also probably iscthermal from
the outer radius of the step inwards toward the inner radius.

These two types of flow are assumed, since it is expected
that the expansion from the capillary end to the inner radius of the
bearing (RO) takes place over such a short distance that frictional
effects are negligible. Since, however, the distance R—R&>>> h, frictional
effects must be important in the volume between the bearing surfaces.
The flow is then other than adiabatic and probably isothermal,

If the flow is sonic at Ro and subsonic at R, two possibilities
exist, The flow may become subsonic immediately after R° or it may become
supersonic., If the flow becomes supersonic, it will suffer a compression
shock, with an attendant rise in pressure, and will then expand isothermally
to the atmosphere. The pressure at Ro will be eritical.

In the latter case, wherein the flow is supersonic throughout,
the pressure at Ro will be critical. The pressure will then be reduced
continuously across the bearing. It is possible, in this case, for the
exit pressure at R to be something other than atmospheric. In fact it
is entirely possible for the exit pressure (Pe) to be below atmospheric
pressure (Pa)‘ Since this condition is not favorable for high load
carrying capacity, it is not a desirable state of affairs,

Another way of expressing the differential equation {7) is as

follows:

- 26 -



THE FRANKLIN INSTITUTE « Laboratories for Research and Development
F-A191),

4P _(r2 - aB)P (8)

dr Br(A—(Pr)2)

where 2
- 1,2G RT

lm2h2

A

3
‘ h
B = guTe

_ 1.26h

AB = Dhung

If P"?r:2 is much greater than A

then

&P _ (*-4B)P _  P(r°-aB)
dr Br(--P"?r2 P2Bp3

2
Pdp.lm:z_ldr._&.dr__l-dr
B r3 r‘3 Br

P A
T=-"3- +C wherer-Ro,P Po
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P
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27272 |2 2 |"BART
r
[o)
PPopfa /i _2 Zﬁﬁg
0o 2 "2 [BAR -
r Ro
p2 _ 2 _ L2GRT /1 12p1e o B
o~ b,n2h2 \2 R2 nh3
(o)
3,.2
(P = P 1.06% 11 r
12u.RT “L8um R2
. O
Therefore
3,02 o2
I (P -F) 126% /2 1 ©)
= r r 27 2 9
12yRTAn k. hsmjlnﬁ—o r RC
whenr =R ,P = Pa
Therefore
3 ;02 o2
m” (P-P) 1 a6%m /1 2 (10)
G = Ra Ra | .2~ o2
120RThh 22 seuf £2 \R° B
(o] (o]
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2
If AB<«r
ar ___Pr
dr  sp ppPr?
dr _ AB-BP’r? < AB _ BPr
dp Pr Pr
dr _ AB
apr = pr ~ BFT
Let p= P2r2
Jo= Pr
1/2
LouY
P
ar o WM 1.1 w1 oau p?
P~ 2 P 172 dP 2P\][I dP 2
P 2u P
Therefore
1/2 g 1/2

guﬂz - = 2—_ .
= 15» 24BP - 2PBy = ( § - 2BP) -+ 2PAB

Q

1 _
S5+ 2(BP - §) u = 24BP
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This equation is linear and an integrating factor is

2(BP—%)dP pP°-fnP?  BP?
=g =

e
pR

eBP2 \}/\ eBP2
L = 24B | P dP + ¢
p? p?

2

L _ 24B e P +
2 3 2
P eBP2 P

Let BP:2 - X

. 1/2

1 dx

dp = 172, 1/2

& oo _Lldx :}/:idx
2 <E%j}72 w2 J =
B

Therefore
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2 3
X X '
@nx*'x"'zz'+3.3,'+h’u+,,..o...+cl]

Nl}—'

Therefore
B2 36
P BP 3}3, BP
v e
when r =R, P=P
(o] 0
o g BEEP) g Pi 2 o BE-PY)
*° =R e -—3’%;§+B®°-P)+ sosr te e o | (1)

BP
e

there is a limited amount of experimental data to test the applicability
of equations (5), (10), and (11). Licht and Fuller¥* presented some
data for a hydrostatic step bearing with the following specifications:

R =148,R =3 ify p = 2.61 x 1077 1288 1 = 0,0015 in,
fo) a . in.2

= L4.7 psia, P, = 14.7 psi

When using the equations for incompressible flow, a flow of
1110 cubic in,/min is calculated. Equation (5) gives a flow of 2244
cubic in./min, Equation(10) gives a flow of 2410 cubic in./min. The
actual flow measured 2440 cubic in./min. The use of equation (10) reduces
the error of equation (5) from about 7% to about 1 1/4%.

#* Paper No. 5,4-LuB-18, ASME., Presented at the ALME-ASLE Lubrication
Conference, Baltimore, Maryland, October 18-20, 1954.
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Equations (5), (9), and (11) relate the pressure in the bearing to its

location. In order to obtain the resultant pressure force or load
carrying capacity of the bearing, these equations have to be integrated
across the bearing., Because of the complexity of the pressure equations,
the integration is best carried out by the use of numerical methods.

One more equation must be derived before we can begin an
analysis of a gas lubricated bearing. This is the equation which tells
us the magnitude of the pressure drop between the exit of the capillary
and the immer radius (Ro) of the bearing

The energy equation relating these points is given in
equation (12) below:

-

k-1
V2_v2 ~N P [— 6 AV
< o, (k) o i (& (12)
2 k- P .
Po o/ |

If the velocity Vc is much less than Vo, and in most cases
it will indeed be so, then equation (12) can be rearranged to give

Therefore

(13)
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vt Vo _,
Co o
Therefore
P X
I 'S S ]
=L+ Mi (14)
o
,/
For k = 1.4
Pg 3.5
ol 20 (15)

Figure 7 is a plot of this equation.

Before we attempt to use any of the equations we have derived,

it would be well to discuss the preliminary considerations and our method
of attack.

Three possible types of flow are assumed to exist:

(a) The flow is subsonic throughout the bearing.
(b) The flow is supersonic throughout the bearing.
(¢) The flow is supersonic from the inner radius of the
bearing to some point between the inner and outer radii
of the bearing and subsonic from there to the outer radius.
A compression shock joins the two types of flow. In cases
(b) and (c), the flow is sonic at the imner radius and all
the required characteristics of the gas are known at this
point. The pressure distribution may be found in the following

manner.,
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(1) Assume a value of pressure at the exit to the Capillary. The
flow in the capillary is assumed to be isothermal so that the
density of the gas at this point can be computed.

(2) Compute the value of the density of the gas at the exit to
the capillary.

(3) Since flow is sonic ét R, the pressure at this point is critical.

P
Fi
igure 7 shows that _¢ _ 1.895. Compute P .

P
o
P 1/k
(4) Compute p, from the equationp =p 5; s

since this flow is isentropic.
(5) Compute V_ from the equation

(6) Calculate G = pvovo.

(7) Use equation (4) to check on the assumed value of Pé. P_ is of
course known. If the calculated value of Pc does not check with
the assumed value repeat steps (1) through (7).

2G2RT ho
(8) Compute A = 1.2G RL B = S ,
P2y 6LRTG

In this case assume that the temperature is equal to the ambient

exit temperature.

(9) Using the differential pressure equation for isothermal flow

(Equation (8)), _ﬁz_:ﬂﬁl_) integrate numerically from
A-P

the outer radius towards the inner radius until the expression
(A-P 2r2) vanishes.
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Using the same differential equation, integrate numerically
from the inner radius toward the outer radius until the
radius at which the denominator Br(A-P2r2) vanished in

step (9).

Join the pressure vs. radius curve with a vertical line at this
radius as shown below in Figure 8. .

Pc

FIGURE 8

Since it is known that a compression shock occurs over a
finite distance, it would probably be of interest to attempt
to describe this phenomenon.

The value Py (after shock) is known from step (9).

P
Using the expression py =p, 1—% s compute py.
Compute V_ from the expression V_ = —G
y ¥ 21‘rrypyh ¢

P
Compute C_ from the equation C_ = /k—-x .

y py

Lo
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. P
(18) From Keenan and Keyes! "Gas Tables," find -13& » solve for P_

y
subscript x refers to before shock conditions.

(19) Find the value of Px on the curve obtained in step (10).

(20) Join this point to Py on the pressure radius curve as shown

by the dotted line in Figure 9, below.

Pc

P

FIGURE 9

If the flow is supersonic throughout the bearing, only step (10) is
required to determine the pressure distribution. The exit pressure is
now probably other than the ambient exit pressure.

If the flow is subsonic throughout, then only step (10) is
required to determine the pressure distribution. Now, however, we have

the problem of determining the mass flow and the velocity at the inner
radius of the bearing.

To determine if sonic or subsoniec flow occurs in the bearing,
the following steps are taken.

(21) For a first approximation of the flow available use equation (5)
3 (P-p?)
o a

G =
12uRT e
(o]

, where Po is critical.
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G

(22) Compute V082_n§310_0

(23) Compute the velocity of sound according to the expression

Po Po

C= k— vwhere p = p
po (o] a Pa
v

(24) Compute the Mach number. M= -59-

o}

If this number is equal to or greater than 1, then the flow
is sonic at the inner radius Bf the bearing. If it is less than 1, the

flow is subsonic.

Because the pressure vs, radius curve is less steep when
subsonic flow prevails then when supersonic flow prevails, it is desirable
to design the bearings for subsonic flow.

The main problem in air bearing design becomes therefore the
determination of the flow at subsonic conditions; or the pressure at the
inner radius of the bearing.

For a first approximation (in subsonic flow) start with

Equation (5)
nh3(P§.P§) )
¢ = ZEGE, 5
but
G= QrB.ohpOMo k -p: where M>1
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Then
nh3(P 2
pO
[2@1% —'—][nﬁ Ik = :\
2,2 2
v (P2-P)
Py = =
a
2 RRT [k = o 22w
a [o]
P h2(Pi-P§)
p = !p = )
o P Ta Ra -2
a 2UF JRThn g2 M /k 5
(o] a
P h3(P? - P?)
P w—a Q a .
° 2LuR p.RT/n 221 [k 2
oPa R of/5P
[+] a
2R R 28 [ P2
uRo nRo Pa
P2 _p - P° =0
o o 2 a

h
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If we solve for Po with M=1, we can find the value of pressure
required for critical flow to occur at the throat of the bearing. Let
us consider the following example

Given:
R =1 h=1.5x10"3 u=2.61x1077 1b=see  p_ 55 5 Lo Ib
o] 2
in 1b R
R=3 P_ =147 psia p,= C.002378 slugs/ft°> T = 520°R
Moa1

,Qnﬁﬁ-sgnB-l.l
[+

]1:85 . [fLix0.0029 157 x10° - 1.25x10‘3§ff9-1.oz.x10“*%§9
j Pa, 1‘407311“& -

P

Ra e
2, R R 22 U k2 ) )
° " & Fo . .61x10” x5 3, x1 2% 65201 , 161, Olx1 0™

- 24x2,61x53, X1 2x 6x520x1, 1x1, 04x1077_
R 2.25

= 10 psi

Therefore P2
o L10 Po- 216 = 0

Po = 410 psi

- L0 -
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In order for Mach 1 to be obtained at the inner radius of this

step bearing,the pressure there will have to be 410 psi.

If we wish to determine the relationship between Po and Mo we
use the expression

2

Po - 410.5 MOPO-216 =0

for M_°= 0.5 Po = 207

M = 0.3 PO = 1214»05
(o]

M=0,2 P =284.5
0 (o]

M=0,1 P =45

o) (o]
.0
0.9
0.8 —
[ 4
0.8 }—
Mo 4.8
0.4 }—
0.3
0.2 ——
L] |
()
0 i00 200 300 400 500 600
PO
FIGURE 10

Figure 10 is a plot of Mo vs. Pofor this problem
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There are now two equations which can be used to get us

started in the design of a gas bearing. They are:

2wnm%%m1%k%ﬁ; 2

(a) Pi— P hg P =0 (16)
(b) T o (12Kl 2)k/k-l
I—,; 5 M) (14)

The first step in determining the load carrying capacity of a
gas-lubricated hydrostatic bearing operating under subsonic conditions
is to plot equation (16) as was done in Figure 10. To determine the
correct value of P s we select a value of M between O and 1 and find
the corresponding value of Po from this plot. Using this value of Po
and the known value of P_, we compute Pc/Po’ Using equation (14), we
compute a value of Mo and check this value of Mowith the originally as-

sumed value. We repeat this procedure until the computed value of Mg agrees with

the assumed value.
Let us consider a typical problem:

P = 100 psia R = 53.3 x 12 x 386 in?/°Rsec2
Pa = 14,7 psia T = 520°R
R = 1/4 in. o= 2,61 x 1077
h =1.5x 107 in. R =2
Therefors Rb = i7Z = 8, In Ro In 8 =2.08
| 2432.61x10 9x2353 3x12x386x520x7.. 08xMx1 . 0410
20pR_ len-im —~
2.25x10
= 193H5psi
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. , _ _p2 .
Therefore Pi 193MPo Pa. 0
M P
2 )
1 194 psi
0.5 98.5 psi
003 6105 pSi
0.2 43.5 psi
0.1 27 psi
0 14.7 psi
1.0
0.9
0.8 |——
0.7
0.6 ———
Mo o5
0.4 —
0.3
0,2 |
04 } ‘ l
oO 30 100 180 200
Po
FIGURE 11

Figure 11 is a plot of this data.

ILet us select as a first choice a Mach number of 0.3. Figure
11 shows that a Mach number (Mﬁ) of 0.3 calls for a value of 6l.5 psi.
Figure 7 shows that'Pc/Po at M_ = 0.3 is 1.065. Therefore P would be
61.5 x 1,065 = 65.5 psi; obviously our first estimate was too low. Let
us let M = 0.4, Figure 11 gives P = 82. Figure 7 gives Pc/P° = 1,115.
Therefore Pc = 91.5. Try Mb = 0.43. Figure 11 gives Po = 89, Figure 7
gives Pc/Po = 1.135. Therefore P_ = 101 psi. Therefore M_ = 0.43.
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Now we can compute G from the expression G = P °2wahV°. If a high
degree of accuracy is required, this value of Mb can be adjusted again
by trial and error matching of equations (8) and (14). When this is
done the correct value of G will have been determined. If equation (8)
is used in this manner, one of the benefits which will accrue will be a
pressure distribution in the bearing. If equation (8) is not used

(less accuracy permissible), the pressure distribution in the bearing
can be obtained with the use of equations (5) or (9). From the pressure
distribution, the resultant pressure force or load carrying capacity can
be computed.

Let us discuss equation (16) for a moment. Suppose we rewrite
it as follows:

R
P-KM-2P_-P°=0
o °h2 o a

R
a
where K is 24uRT In ﬁ; Pa/Pa' Therefore,

S

R
KM 2

2
+ | AR 2. PP
oh2 o} hh a

o 2

If we set M=1, then Po becomes the pressure at the inside
diameter required before the flow at that point becomes sonic.

7

R
» 4 a7)

J—*IO n

R 2
Therefore P =X —% + K
° h h

If we now visualize an experiment involving a circular step
bearing with controlled film thickness and constant pressure Po’ we can

understand the effect of film thickness on the pressure distribution

-4l -
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and load-carrying capacity of the bearing. As we increase the film
thickness, equation (17) tells us that we need less pressure at Ro for
critical flow to occur there. Another way of interpreting this phenomenon
is as follows: as the film thickness is increased, the Mach number of the
flow (Mb) at the inside diameter of the step bearing increases for a con-
stant value of Po until critical flow is reached.

One thing must be remembered before the above method can be
used. The method outlined above is good only when the flow governing
area is determined by the expression 2ﬂR°h. Consider Figure 12, below.

w

l
Ay [

)

e— 2R°

FIGURE 12

The flow of air first passes through the orifice area nRi and
then through a second orifice area 2uR°h. For a configuration similar
to that shown in Figure 12, the latter orifice is the flow governing
area, since ROX>2h. However, when we add a recess in the bearing as
shown in Figure 13. The two orifices which compete to govern the flow
are naz and ZnROh. If 2anh is larger than naz, then the latter becomes
the flow control area. In this instance a relatively large pressure
drop will occur through the orifice naz and a relatively small drop
through the orifice 2nRoh.
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L

x\\\\\\\\\\\\\

— l«—— 2a

—-ll~—

FIGURE 13

Equations (16) and (14) can still be used with the understand-
ing that the Mach numbers are no longer equal. In equation (16) the
Mach number (Mo) is still the Mach number at Ro but the Mach number in
equation (14) is the Mach number at the exit of the orifice defined by

the area n32 .

The two equations are then

2LuR RT n R/R_M__/kp /P
Pi'Po[ o) 0. © a’a -PizO (16)

h2
- (1+ K51 2 )k/kL (14a)

In equation (l4a) P, is the pressure before the orifice and
Po that after it., The entire recess area nRg is then assumed to be at

pressure Po .

- L6 -
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The two equations are related in the following manner:
Select a value for Mo in equation (16) and compute Po'
Compute C_ from C = .{k Po/po where p = p_ Po/Pa°
Compute Vo from Vo = CoME'
Compute G from G = ZuRthBVo.

Compute V_ (the velocity at the exit to the orifice ﬂaz)
from V_ = G/nazPo.

Compute M from Vc/Co.

Compute Pc/Po from equation(14a).

Compute Pc and check with given value.

If the P  obtained in step (8) is not equal to the

given value, repeat steps (1) through (8) until they do.

When the cross sectional areas of the two orifices in ques-

tion approach each other or equal each other in magnitude, we have a

situation which is not yet completely understood and is better avoided.
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V. LOADS ON A TYPICAL TURBOJET ENGINE

900 b

€50 |b
e—— 800D ft2
le&—— %0 1b 12

R

FIGURE 14

Figure 14 is a sketch indicating the static forces, moments

of inertia, and dimensions of a typical engine shaft,

Using the usual equations describing the deflection, slope,
and bending moment of the above beam one can solve for the bearing re-
actions Rl’ R2, and RB. Because the calculations are long they are not
presented here, but in the appendix to this report.

The static forces are:

Rl = L14 1b
=795 1b
R3 = 341 1b

For 4.0 rad/sec precessional velocity:

R, = 12,000 1b
R, = 6,750 1b

2

- 48 -



THE FRANKLIN INSTITUTE .« Laboratories for Research and Development

F-A191L4
For 2.0 rad/sec precessional velocity:

R1 = 6000 1b
R2 = 3375 1b
Ry = 9375 1b

The maximum bearing load specified by section 3.15 of MIL-E-5007A is:

R1 = 12,000 + 414 = 12,414 1b
R, = 6,750 + 795 = 7,545 1b

R3 = 18,750 + 341 = 19,091 1b

Other flight conditions specified in section 3.14 of the above
specification are:

(1) 10g down and 1.5g side load:

R = /100 + 2.25¢ = .[102.25¢ = 10.125g R, = 4200 1b
1 R, = 8060 1b

0.15 = 8.6° | 2

© = tan R, = 3450 1b

(2) 6g down + L4g side + 2 rad/sec pitch side load:

Rl = 8500 1b + 17.1° from horizontal, left or right
R, = 8120 1b * 36.0° from horizontal, left or right
R3 = 9000 1b + 13.2° from horizontal, left or right

(3) 7g up + 1.5g side load:

Aﬁ'[\\\“Ei\\\\\\

8
7
R = V49 + 2.25g = +/51.25¢ = 7.15¢ R, = 2950 1b
1. R, = 5660 1b
€ = tan™ 1.5/7 = 12.1° ]
Ry = 2420 1b
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The following are the most important loading conditions for
each radial bearing:

Bearing No. 1:

2950 1b + 12.1° from the vertical, up

4200 1b + 8.,6° from the vertical, down

8500 1b + 17.1° from the horizontal, left or right
12,414 1b + O0° in the vertical direction, up or down

Bearing No. 2:

5660 1b + 12,1° from the vertical, up

8060 1b + 8.6° from the vertical, down

8120 1b * 36,0° from the horizontal, left or right
7545 1b + 0® in the vertical direction, up or down

Bearing No. 3:

2420 1b + 12,1° from the vertical, up

8060 1b 8.6° from the vertical, down

9000 1b + 13.2° from the horizontal, left or right
19,091 1b + O0° in the vertical direction, up or down

These loads are shown schematically in Figures 15, 16 and 17.
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12,414 1b

4200 Ib
(Bearing ¥, /\

4200 b

8.6°

17.1°
- 8500 1b
2950 ib

1710

8500 b

12.1°

2950 1b

12,414 1b

FIGURE

IS

7545 1b

(Beoring #2)

8060 Ib

8060 Ib

8.6°

8120 lb)wj

A

5660 Ib

8120 Ib

12.1°
5660 Ib

7545 1b

FIGURE 16

REPORT

F-AISI4

FIGURE
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19,091 |b

8060 (b 8060 Ib

3,20 13,2
9,000 b
9,000 lb
12.1°

2420 Ib 2420 b

19,091 b
FIGURE 17

Let us consider a simple design for one of the bearings
(Bearing No, 1) and run through a possible design. This should show
if it is feasible to design gas bearings for this purpose at this time.
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12,414 b

4200 Ib 4200 |b
ﬁ e
ﬂ

2950 ib
2,414 b

FIGURE 18

In order to preclude the possibility of whirl of the shaft we
shall contemplate a tilting pad journal bearing with 4 pads each with
slightly less than 90° included angle as shown in Figure 19.

A

=

FIGURE 19
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The diameter of the bearing is 14 inches and its length is 20
inches. The approximate projected dimensions of one pad is 10 in. x 20
in. Iet us think of this bearing as composed of two circular step bear-
ings each with its own entrance port as shown in Figure 20. The outside
diameter of each step bearing will then be 10 in. Let the I.D. be 8 in.
as shown in Figure 21,

The two equations which will be used to determine the feasi-
bility of gas bearings for this application are:

2l,uR RT In R/R M /kp /p
@ P,

h

(16)

P k/k-1
(b) 5 = (1*% M) (14) or (14a)
o]

Let the diameter of the inlet orifice be 0.10 in.
a = 0.050 = 50 x 10~

Now 2ﬂR6h = 6,28 x 4 xh = 25,1 he h is or will be of the order of
1 x 10-3,

2nR_h = 25.12 x 1073

but ma2 = 3.17 x (50 x 10°2)° = 7850 x 1078 = 7.850 x 103 na3< 218 _h,

so that the former orifice will probably govern the flow.

Let Pc = 125 psia Ro = ) in,
Pa = 14.7 psia R =5 in.
2 2 a
R = 53,3 x 12 x 386 in%s/°R sec ho = radial clearance =

0.35 x 10-3

) b e
kPa/Pa 1.04 x 10™ " sec/in. p_ - .00236 slug/ft3
T = 520°R
_9 2 k = 1014‘
B = 2,61 x 10°7 1b-sec/in%
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vy

FIGURE 2l

- 55 -




THE FRANKLIN INSTITUTE . Laboratories for Research and Development

Therefore

2l,uR RT An Ra/Ro M

F-A1914
xp. /P

a a

h2

2 x 2.61 x 1077 x 4 x 53.3 x 12 x 386 x 520 x 0.223 x 1.04 x 19"‘14b

Therefore

If h = 3.0 x 107,

If h

If h

If h

If h

If h

2.5 x 107,

2.0 x 107,

1.5 x 107>

1.0 x 1072

(3.5)° x 10

T

=612 M psi

P7- 187.5 MbPo-

PP- 61.2MP-P =0
[o e} a

- 83.5 M_P - Pi =0

PP~ 120 M P - P? = 0
0o 0 a

P =0

2

P°- 333 MP - P> =0

2
P2~ 750 M P - Pi =0

1.0 x 107>, 1et M_ = 0.15. Then

P =112,5 P~ F> = 0
_112.5 + \[13,600 + 86 _ 112.5 + /14,46 112.5 + 120.5
2 2

P
o

= 11605
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<3
L]

1120 x 0.15 = 167 ft/sec
woey . BN s xux100x02
e o g 2.5 x 10~

= 0.48

o+
[¢]
~.
o
;]

1.17 Pc = 136 too high

Try

Mﬁ = 0,14

Pi— 105 P - Pi =0

p o 105+ \Jll,goo + 86l _ 105 +%¥ 11,86k _ 10,

2R h -3
- o _2x4x10 -~ -
Hc M§ 3 Mb 0.45

ma’ 2.5 x 10”

P

_c= =
P 1.15 P, = 123.5

If h = 1.5 x 107, 1let M = 0.2.

Therefore P2- 66.6 P - P2 =0
o o 'a

6908

p o 66:6+ ~JA4LLO + 86l o 66.6 + L5304 o 666 + 73
2

o 2 2

2R 02 x2 x4 x1.5_
2.5

0.96

(2]
o
N

na
P
2 =1.8

P
o

Pc = 1,81 x 69.8 = 126 psi (close)
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It then seems that in this design the flows are choked for
film thicknesses greater than 1.5 x 10-3 so that operating clearances
will never be greater than this value.

Let us try h = 1.25 x 107, If M_ = 0,17,

P°- 8 P - P°
(o] (o] a
p . 822~J670 + 86y _ 82 +~[757L _ 8.5
o 2 2 ¢
M o= 217 x2 x4 x1.25 .0
¢ 2.5
P
39 = 1.37, P_ = 1,37 x 8L.5 = 116
(o]
If M_ = 0.18, ;
87 + 8
Po = 2 = 89
M, = 0.72
P
59 = 1.1, P =125
[o]
Po w00 —
°O 0.8 1.0 .3 2.0
h x 108
FIGURE 22
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The load carrying capacity of the hydrostatic pad equals

2Ra
PonRo +j‘ RP * 2ndr

R
o

Since the dimension (Ra— Ro) is smaller than R we will not
be too far off if we assume a linear distribution of pressure across
the area of the step bearing. Then,

W =P R + n(R2- B) P /2
p o o a~ "o’ "o

2 2
W o= “RZP + x Ra.Po _ “RoPo
P oo 2 2
P (B°+ R°)
W =—2-©° 'a
P 2
2
Ro = [ Ro = 16
2
Ra = 5 Rb = 25
R+ B A
(55=) n =5 x 314 = 645 P

We can tabulate the load carrying capacity of the hydrostatic
bearing vs. film thickness as follows:

3 P W

h x 10 0 s
1.0 107 6900 1b
1.25 84.5 5400 1b
1.5 69.8 4500 1b
2.0 66.0 4250 1b
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If we refer to Figure 19 and 20, we see that the total load
carrying capacity of each pad which is made up of two hydrostatic step
bearings is

- [ ]
W? ZWS cos 22,5

3 w W

h x 10 8 p
1.0 6900 12,740 1b
1.25 5400 9,960 1b
1.50 4500 8,300 1b
2.00 4250 7,850 1b

LT
Figure 19 shows, however, that there are four such pads which

make up the complete journal bearing. The net load carrying capacity
of this bearing equals the resultant load carrying capacity of each pad.

If we move in the vertical direction with a machined radial
clearance of 3.5 x 10_3, then the sum of the film thicknesses of the
top and bottom pads is 7.0 x 10-3. If then the top pad is operating
with a film thickness of 6.0 x 10_3, the bottom pad film thickness must
be 1.0 x 107,

Then, if we move in a direction in line with the centers of a
pair of opposed pads, we find

3 W W

h1 X 103 h2 x 10 12 P, WT
3.5 3.5 7850 7850 0
3.0 4.0 7850 7850 0
2.5 he5 7850 7850 0
2.0 5.0 7850 7850 0
1.5 5.5 8300 7850 450 1b
1.25 5.75 9960 7850 2110 1b
1.0 6.0 12,740 7850 4,890 1b
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We should mention here that the bearing will probably have
some additional load carrying capacity due to hydrodynamic action when
operating films are small. Our experience tells us that the most we
can hope to get hydrodynamically is about 5 psi over the projected area
of the bearing. Since the area of each pad is 200 in%, the hydrodynamic
action of the bearing would contribute about 1000 1b to the load carry-
ing capacity of the bearing.

We can see from this table that the bearing has zero stiffness
over a large part of the clearance. If we machined the bearing so that
its radial clearance is 1.5 x 10-2 we could eliminate the zero stiffness
problem. However, now we have the problem of machining and maintaining
a bearing 14 in. in diameter with a diametral clearance of 3.0 x 10-3
in., or compensating the bearings somehow. If the temperature of the
shaft rose only 50°F the shaft would expand this much. Maximum flow of

course would occur when the journal is centrally located and would equal

2 B 3 66 3
Q=8Um" -5 = 8(1120)(3.14)x 2.5 x 10~ x .7 12 = 3790 in./sec
a L)

Q= 3790 x 60 = 2.2 x 10° ins/min op 127.5 £t /min.

Let us see what we can do to get us out of our problems of too

small a clearance, too small a load carrying capacity, and too much air.

(1) Cut down the size of the orifice:

If we cut down the size of the orifice we can cut down
on the quantity of flow but we decrease the percentage
of the bearing clearance in which the bearing has some
stiffness.

(2) Decrease the size of R :

This gives the bearing some stiffness over a greater
part of its bearing clearance (or allows us to machine
a larger clearance in the bearing) but it cuts down on
the load carrying capacity of the bearing.

(3) Increase P, to increase load carrying capacity:

If we increase Pc the quantity of standard air would
increase. We would then have to decrease orifice size
to cut back on the flow. If we cut back on the diameter
of the orifice we increase the danger of clogging the
orifice with foreign matter.
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VI. SUMMARY

It seemed to us that the most important question to be answered
in this program was whether air lubricated bearings could carry the loads
encountered. There didn™ seem to be much point in investigating the
various types of instability which can be encountered with air bearings
if it was found that they could not feasibly carry the loads encountered.
Consequently, a survey was made to determine the actual loads imposed on
the bearings and to find adequate design equations for them, Frankly,

we did not have much success with either venture.

The bearing loads given to us by the engine manufacturers were

considerably lower than those later calculated according to MIL-E-5007A.

Because of the fact that the highest of the maneuver loads are
applied to the bearings for an extremely short time, they are not con-
sidered to affect the life of the rolling element bearings now used. It
is because of this fact and because of the fact that air bearings cannot
suffer an overload even for a brief instant that an analysis of typical

bearing loads under the maneuvers listed in MIL-E-5007A was made.

Design formulae and methods for a simple step bearing were
derived. The formulae include the effects of the acceleration of the gas
as it passes through the bearing, These equations check the meager

experimental data available more closely than any others yet derived,

Application of these equations to the particular case of air-
craft turbojet engines shows that the use of gas bearings in this instance
is not impossible., The analysis indicates very large bearings, small
clearances, and large volumes of air will be required. It is our contention
that further analysis backed up by experimentation should be undertaken

to determine if the above requirements can be met,

We have spoken with several people of the Stratos Division of
Fairchild Aircraft Corporation. We have been told that the high values

of pressure required can be obtained with the use of a two-stage auxiliary
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compressor even at the lowest values of inlet pressures available. The
size of the unit required to give the desired flows, however, is not
known. Stratos stated that such a compressor would involve its own

development program,

We can then say that it is entirely possible to carry engine
bearing loads with air lubricated bearings. The example discussed in
this report, where 125 psia is required, shows that loads as high as
about 5000 lbs. can be carried on gl4-in. diameter bearing. If the
bearings could be made larger, if the maneuver loads on the bearings
could be obtained more realistically tham they are now, and if the re-
quired air pressure could be obtained, then air bearings could probably
carry the loads required., Again, we would like to emphasize the many
problems which would have to be solved before these bearings could be de-

signed completely.

We have shown that it is theoretically possible to carry the
heavy loads occufring. In order for us to do this, however, large recesses
of high pressure are required. If these recesses are made shallow enough,
“they will, in general, cause no trouble. There is, however, one aspect
of this design which is not yet fully understood. When the film thickness
is large, the flow governing area is the area of the inlet orifice. As
the load on the bearing increases, the film thickness decreases and the
area determined by the outer periphery of the recess and the film thickness
decreases proportionately, When the latter area approaches in size the
fixed inlet orifice area, a type of instability is obtained. This type
of instability is not completely understood. A further understanding of
this phenomenon is required before heavily loaded air bearings can be
designed with confidence. The bearings will have to be mounted in a self-
compensating structure so that the small clearances required can be main-~

tained throughout the operating temperature range of the bearing.

At just about the time that this feasibility study was to terminate,

we received support from the office of Naval Research to create a general
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technology for gas bearings. The ultimate aim of this project is to
place air bearings on a sound design basis. It is our hope that, in a

short time, most of the problems attendant to air bearings will have
been solved,

At any rate, we believe that there is definite hope for the use
of air bearings for jet aircraft engines. The work done during this

feasibility study will give us an invaluable start in the work for ONR.

Y Gionarre

M. Robingen
Chief, Friction and
Lubrication Section

Approved by:

DL tshloih,

Frank S. Chaplin Nicol H. Smith
Assoicate Director Director
Mechanical Engineering Division Laboratories for

Research and Development.
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APPENDIX
CALCULATION OF BEARING REACTIONS, B'.L ’ R2, and R3
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Calculation of Bearing Reactions, R

900 Ib

APPENDIX

l’

R, and R

F-A1914

650 1b
'y
0 b ¢ d -
2lim 30 in. 30in 10 in —>x
R| R3
Rg
FIGURE 23
Section a Section b
M = Rjx M = Ryx - 900 (x - 21)
£
EI &£ - R x M = (R, - 900) x + 18,900
2 1 1
dx
2
R x 2 .
_ 4y _ -
BT =2— 4 B - (R) = 900) x+ 18,900
g 2
EI —1 = (R; - 900) x + 18,900 x + C
at x = 21 at x = 21
R, (441)
e A R EI-—z (R, - 900) 55— + 18,900(21) + C
dx 2 1
Ry (441) Ry (442)
=+ 0 =3 - 450 (441) + 21(18,900) + C
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Rlx3 x> | 18,900(x>)
EIy = —z— + Cpx + Cg Ely = (R) = 900) & + 5 + Cx + C,
atx:O,y=O,CB=0 at x =51, y=0
Rx3
- - = (R, - (x> - 133,000) . 18,900, 2
Ely =—g—+0Cpx BLy = (R - 900) {x -4 + 2820002 2601)+
+ Cy (x-51)
at x = 21 at x = 21
By
EI y = 7 (9260) + 21 ¢ EL y=(R,-900) (9260—233.000) + 18§9°°(hhl-2601)+
+02(-30)
R
<123, 18,900 (=2160
£ (9260) + 21 ) = (R, - 900) {123 7h0) , 18,900 (2160) _ 50 ¢

1543 Rl + 21 Cl

(R, - 900) (-20,623) - 18,900 (1080) - 30(¢; - 199,000)

20,623 Ry + 18.56 x 10° - 20.41 x 10° - 30 ¢, + 5.97 x 10°

1543 Rl + 21 Cl

51 Cl = Lol x 106 - 22,166 Rl

C, = G, = 199,000

Z belh x lO6 - 22,166 R, - 10.15 x lO6

51

Ca
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Section C
d2

EI —% = Rl (x) + R2(x - 51) =900 (x-21) = Rl(x) + Rz(x)-Sl R2 - 900x + 18,900
dx

2 .
dy _ - X _ - :
= (Rl + R, 900) > (51 R, 18,900)x + €

EI ¢ ;

3 2
ELy = (Ry + R, - 900) x—; - (51 R, - 18,900) -"3 + Cpx + Gy

at x = 51
dy _ - 2601 _ -
EI i = (Rl + R2 900) > (51 R2 18,900) 51 + C5
but from Section b at x = 51
6
; 6,01 x 10° - 22,166 R
dy _ _ 2601 _ ’ 1
EI x = (Rl 900) = + 18,900 (51) 3

therefore

1300 R2 - 2601 R2 + C5 = 118,000 - 434 Rl

434 R, - 1301 R2 + 05 = 118,000

at x =51, y=0

3 2
(R, + &, - 900) L1 _ (51 R, - 18,900) {311 4 Cg (51) + G4 =

Gy = ~(R + R, -900)3—334——)-+(513 -18900)2601-510

5
th fo
erefore R1+R _900) (51 RZ - 18,900 2
EI y (at section C) = ——-62——— ~ 133,000) - - > . (x*-2601) +
05 (x-51)
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at x = 81
EI y = 53,400 Ry - 4,300 R, - 18.5 x 10°
g1 & - 2846 R, + 451 R. - 1.30 x 10°
dx = 1 2 .
Section d
&2
EI ——% = Rjx + R, (x-51) - 900 (x-21) - 650 (x~-81)
dx
= Ryx + Ryx - 51 R, - 900x + 18,900 - 650x + 52,700
= (Rl +R, - 1550)x - (51 R, - 71,600)
dy £
EI g = (R + R, - 1550) 5~ - (51 R, - 71,600) x + C,

3 2
EI y = (R, + R, - 1550) % - (51 R, - 71,600) >+ Cx + Cq

at x = 81
dy - 6561 _ -
EI o = (Rl + R, 1550) s (51 R, 71,600) (81) + Cy

3280 Rl + 3280 R, - 5.08 x 106 - 4130 R2 + 5.8 x lO6 + C7

3280 R1 - 850 R2 + 720,000 + C7
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From Section C

Er & = 2846 R, + 451 B, - 1.30 x 10

At x=81

therefore

6

3280 Rl - 850 R2 + 720,000 + C, = 2846 Rl + 451 R2 - 1.30 x 10

7
at x = 81

Section d

EL y = (R +R,-1550) ﬁll—g@)- - (51 R,-71,600) Séizéﬁ + (1301 R,-434 Rl-2083d06)81+

6
08 = 53,400 Rl + 27,000 R2 - 70.5 x 107 + C8

Section C Section d
at x = 81 at x = 81

6 6
EIy = 53,400 Rl-ABOO R2—18.5x10 = 53,400 Rl+27,000 R2-70.5x10 + C8

Section d

3 2
EI y = (R +R,-1550) x—é— ~ (51 R,~71,600) ’—‘é- + (1301-434 R1-2.08x106)x +

52 x lO6 - 31,300 R2

at x=91, y=0
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0= (R1+R2—l550) (125,500) - (51 R2-7l,600).(hlh0) +

(1301-434 R - 2,08 x 10%) 91 + 52 x 10° - 31,300 R,

2

=0=FR (91) + RZ(AO) - 900(70) - 650(10) = 91 Ry + 4O R, - 69,500
3

3
860 Ry +7 R, - 360 x 10° = 0

3
91Rl+b,0R2—69xlO =0

From the above two simultaneous equations we find

Rl = 414 1b
R3 = 1550 = 795 - 414 = 341 1b

therefore
Rl = 414 1b
R2 = 795 1b
R3 = 3,41 1b
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Py

pe—a, —» e—— , —

4 > £z >

FIGURE 24

The three Equations which will be used are

ZFy=O=—Pl+R+P2

M +M2+R/2

SM, =0 =P, L+M +M4, +R( orP = 1 -
L

DU 6 AMx

aR'OJ Medr &
[o}

therefore

% L
9R - L
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1
Section 1
Mx = -Plx
)
| D NI
3R 3R L
Section 2
M=—Plx+M1
M2
3R = X T
Section 3
M_ = -Pyx + M R(x - £)
M
X _ _, 22 -
W""L*“‘ﬁl)
Section 4
Mx=-Plx+Ml+R(x-[l) + M,
oM
X _ _. 22 _0 3
a—R—-—xL+(x l)
Section 1 1
a a
1 1
o y f { 4, .3
1 2 - 272 4. _op 22x7 | _
sz—l)l(x) (_x) L d_x_o Plx L dX—-Pl L 3
o o

P
L 40 = ,
3 51 (9261) = 1352 P,
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Ly 1
au AL
ER—2=f("P1"+M1) (=) T f T f\;
3
T AL 3 JA
2 2 x 2 X
£ +a, 21 1
au (P LM, ) Y
a?i:/ E’lxml +———7— x-f] =< = 2 + (x—ﬁl dx
1

3 < 2 ] 3 5 PR 2

6u3 Plx ,(2 : Mlx 12 ) Plx . Mlx . Hyx . P ) Mllex
3} - 3L 2% 3 3L 3L 2 2L
Mzﬁlx?‘ Plx3 Plxzfl Mlx2 Ple3 PL x°

Y 3t t3 MyjXx + ETA 2,

3 2 3 2 2
M. x Mlxll_Mx _PlLilx +PL,Z]2_X M x4

1 2 1 2771
+ + +
3L, * 2L 3, T 24, Z, 27,
1
WY L 2 L
+ M T > M2 7— X
24, £, 2k 2
51

o

W
‘a‘% = P, [58,500-266,000+20L,000+303,000-458,000+177,500 ] +

My [-878+1461-1119+1980-1530-3330+5090-1950 ]+
M, [1462-1119-3330+5090-1950 ]

-73 -

P,L Mx My PlLil b YA
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Ex -{-?— + (x-{) dx

3 2 2 2
ny 12_ _1 +1+%X+W?_%@:M%F
3R | 3L 2L 3 3L 3L 2 2L T T 2L

3 2 2 3 2 3 2
) Plx . Plx jl . M X T 1 - P Lx PlLllx Mlx Mlx 1
3 2 2 1 3!‘7 22, 3L, " 24
3 2 2 2
Mx® P Lﬂlx PlL[lx 1& , MIle ) uf7x
A S S S S
2 L=91
M %]; i M2 é—: -M g.?. ."E + M_z.x_ M v _]
2 2 2T 2 772 i
2 A _J11+a2=81
o, Py (222,130) (40) My (40) (1720) 2 Py (222,130) M, (222,130)
R - 3(91) 2(91) - 3 * 273
M,(222,130) M, (51) (1720) M, (51) (1720)
tt T+ By (17200 (B1) - S T Im
M. (1720) P. (91) (222,130) P, (91) (51) (1720)
# Lo _w (51) (10) + -2 1
2 1 3 (40) 2 (40)
§ My (222,130) M, (1720) (51) M, (222,130 Py (91) (51) (1720)
| B ) I g0 - T 120 - 80

P (91) (10) (2601)

M, (1720) (51) M,

(51) (1720)

+ 50

+ My 25 (1720) - n, 2% (10) "

+ +

80

40
291

-7 -

Mi (2601) (10)

80 40

(229 4+, (29 - u, (51) (20)
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(e 4

My _
3R - 800 Py- 4M) - LM,

Therefore

22 - P, [1352+18,100+20,500+800 1 + M, [-475-276-4] +X, [132-4] = O

40,752 Pi+ 128 Mé- 755 Mi = 0

During the yaw maneuver at 4.0 rad/sec, with the engine run-
ning at 7500 rpm, Ml = 750,000 in.lb and M2 = 610,000 in.lb,

o o2 M 128 ¥ 755(750,000)-128(610,000)

1 40,752 40,752

(s67-78) x 10° _ 489 x 10°

17 10,752

075 100

= flL’ % . 12,000(91)~ 1,360,000 _ 270,000
1:2 40 LO

R = - 6’750 1b

P, =P-R= 12,000-(-6750) = 18,750 1b
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